Granular materials in geotechnical engineering is generally considered to be mixtures of clay, sand, and gravel that commonly appear in slopes, valleys, or river beds, and they are especially used for the construction of earth-rock-filled dams. e complexity of the constitution of granular materials leads to the complexity of their properties. Particle size distribution (PSD) has a great influence on the strength, permeability, and compaction behavior of granular materials, and some implicit correlation may exist between the PSD and the compaction properties of granular materials. Field testing and statistical analysis are used to study the physical and compaction properties of granular materials with artificial grading behind the particle size distributions. e statistical properties in PSD of dam granular materials and how the variation of PSD renders statistical constant are revealed. e statistical constants of three types of dam granular materials are 2.459, 2.475, and 2.499, respectively, on average. ese statistical constants have a positive correlation with dry density and a negative correlation with moisture content. According to this characteristic and little deviation between two different calculation methods (from grading analysis and based on the Weibull distribution), the presentation of the statistical analysis ensures the validity of the Weibull function's description of the granular materials with artificial grading. After fitting the Weibull function to the PSD curve, the relationship between the Weibull parameters and the compaction degree in different soil samples is consistent with that in different types, providing guiding significance for evaluating and selecting dam granular materials.
Introduction
Granular material is widely distributed in nature and is especially relevant in the geotechnical engineering field; it includes landslide deposits, granular soil (fine-grained soil or coarse-grained soil), filling/construction material used for earth-rock dams, and other applications [1] [2] [3] . Various granular materials in geotechnical engineering exhibit different material composition, particle size distribution, moisture content, mass density, and other physical/mechanical properties [3] [4] [5] . Although the physical/mechanical properties of granular materials are very complicated and difficult to determine, there are potential implicit correlations between the particle size distribution (PSD) and the physical/ mechanical properties of granular materials [6] . Discovering these implicit correlations is very important for understanding the physical/mechanical behavior of granular materials.
e PSD of granular materials is an essential issue for the design of earth-rock-filled dams [7] [8] [9] . In practical engineering work, the preparation requires analyzing the range of particle sizes and determining the proportion of grains with various particle sizes. A granular material generally covers a range of particle sizes between 0.001 mm and 1,000 mm, and it is well known for containing wide-ranging grain composition [10] . erefore, the scaling distribution for grain composition is a vital index for studying the physical and mechanical properties of soil systems. When the PSD of granular materials is changed, its permeability, deformation, strength, and other properties are altered [11] . During the compaction process of an earth-rock-filled dam, the pore reduction between grains is caused by natural settlement and artificial rolling [12] . e compaction properties of granular materials are the key physical indices for the construction of an earth-rock-filled dam.
Previous studies indicated that the phenomenon of compaction dynamics is a slow relaxation influenced by the microscopic characteristics of the grains that may be grain shape, friction, or cohesion [13] [14] [15] .
rough a large amount of field testing and observation, the macroscopic analysis can provide an opportunity to understand the relationship between PSD and physical/compaction properties [12, 16, 17] . To depict the PSD of soil systems for engineers to intuitively analyze, traditional methods usually use statistics analysis to get a series of characteristic parameters or a cumulative frequency curve [18] . e difficulty in studying a soil system with a complex and irregular clastic rock texture by quantitative characterization is due to the limitations and restrictions of traditional methods where one or two descriptive parameters are hardly suitable and adaptive to the complexity and irregularity of granular materials [19] [20] [21] .
Since statistical distribution functions were used to describe the grain composition of soil systems [21] [22] [23] , it has been thought of as a scientific and accurate tool for getting a greater knowledge of the relation between PSD and soil structure [24] . At present, the approach of analyzing the size distribution curve with the statistical analysis is popular for various kinds of soils [25] [26] [27] [28] . is paper aims at exploring the physical and compaction properties of the granular materials behind the PSD curve analysis.
ree different granular materials are taken as the samples for experiments and analyses, and 50 groups of field tests are carried out for each type of granular materials. e PSDs are analyzed by applying the field testing and statistical analysis methods. Combined with the grading analysis and the PSD functions, the statistical constants of granular materials are analyzed to verify the general applicability of the PSD function for dam filling material and to describe physical characteristics. en, the parameters in the PSD function are also used to seek the implicit association with the compaction properties of granular materials.
Materials and Methods

Sampling and Measuring.
e granular materials' samples used in this study are from the filling material for the construction of the Changheba Hydropower Station. e Changheba Hydropower Station is the 10th level hydropower station for cascade development of the Dadu River, and it is located in Kangding County, Sichuan Province, in the Southwest of China [29] . ere are more than 10 types of granular materials used for the dam construction, each with different compositions and particle size distributions. Here, three typical types of dam granular materials are used for the field tests and the correlation studies. Table 1 provides some typical grain compositions of the tested dam granular materials. ey are the filter dam material #1 (granular material A, Figure 1(a) ), the filter dam material #3 (granular material B, Figure 1(b) ), and the transition dam material (granular material C, Figure 1(c) ). 50 groups of related field tests are carried out for each type of granular materials, with the total of 150 groups of field experiments.
e production method of the filter material is processing artificial aggregate by the sand and gravel processing system (contains a large number of fine particles with diameter less than 2.0 mm). However, the transition material is the rock material gained by blasting activity in the quarry (most are coarse particles with diameter larger than 2.0 mm). During the construction process of filling the dam, field tests are done before rolling compaction on each layer. e procedure takes two dam sections perpendicular to the dam axis as the fixed sections for examining the construction circumstances, and it sets a group every 5.0 m to measure the PSD of each layer. After compaction by vibration rolling 
Particle Size Distribution (PSD)
Characteristics. e PSD of three granular materials are obtained by the artificial sieving method. Figure 2 shows the particle size distribution characteristics for the three types of tested granular materials. ese three types of dam granular materials are produced in two different sites, where the filter dam material is produced at the soil material site and the transition dam material is produced at the rock-fill material site. As shown in Figure 2 , there are large differences in particle size range and small differences in material composition (fine-grained soil and coarse rock blocks). e varied particle size distributions result in the different physical and construction properties of the dam granular materials.
Compaction Degree.
e granular materials' compaction degree is a key index for controlling the construction of earth-rock-filled dams, and it has an important effect on the stability and seepage prevention of the dam. After rolling the granular materials to be dense, the grain size distribution reflects the pore size distribution to some extent. Judging the compaction degree of the soil system by porosity neglects the impact of grain shape and particle size distribution. Here, relative density D r is used as an indicator of compaction. It measures compaction by comparing the porosity when the soil system is in the loosest situation and the densest. It is supposed that relative density is able to comprehensively reflect the impact of particle shape, particle size distribution, and other factors. e equation used to determine the relative density D r is shown as follows:
where e is the porosity in the natural state of granular materials, e max is the maximum value of porosity in the loosest state of granular materials, and e min is the minimum value of porosity in the densest state of granular materials. e above equation is the theoretical definition of relative density D r . For engineering practice, the relative density is often determined from different dry density test results under different states as follows:
where ρ d max is the maximum dry density in the densest state of granular materials, ρ d min is the minimum dry density in the loosest state of granular materials, and ρ d is the dry density of granular materials after being rolling filled.
Statistical Properties of Granular Materials
e PSD potential can reflect the complexity and irregularity in structural properties of granular materials and can be used to study the statistical properties between the whole and the parts of granular materials [7] . By using mathematical representation and statistical analysis, one can describe the spatial structure of granular materials through a set of parameters and then try to discuss the correlation between the structural composition and physical properties of the granular materials [20] . Determination of the statistical constant is the core of studying particle size distribution combined with the statistical analysis, and the invariance in the spatial scale for the PSD curve of granular materials provides a scientific basis for depicting the structural composition [30] .
PSD Analysis from Grading Analysis.
e grading analysis is a direct method used for the PSD curve of the granular materials. e statistical constant is a mathematical expression of PSD of granular materials by a constant, in which the computational formula can be obtained with some mathematical processing. By using a logarithmic coordinate graph to explain the method and grading analysis, the statistical properties of granular materials can be determined. As shown in Figures 3(a) , 4(a), and 5(a), for granular materials with a good grading, the PSD of granular material can be almost viewed as a line. e computational result shows a possibility that PSD of a sample of granular material can be expressed by a constant, related with the gradient of the PSD curve under the log-log coordinate. Usually in engineering, uniformity coe cient C U and curvature coe cient C C are used as characteristic parameters for evaluating the grain composition of granular materials. As a control parameter can re ect whole performance, the statistical constant has an advantage of simplifying calculation process. However, the validity of statistical constant need be veri ed for evaluating the grain composition of granular materials. Suppose that r represents the particle size of granular materials and N(r) represents the corresponding cumulative content of the particles with size smaller than r. In general, a power law function is suitable for the particle size distribution. According to the de nition of statistical constant D, the relationship between r and N(r) can be drawn in this way [31] : Advances in Materials Science and Engineering
where D is the statistical constant, which is a power law exponent. If one gives a di erential operation for (3), it can be expressed as follows:
Suppose that N 0 is the total amount of particles in the granular materials, and the number of grains whose sizes are
By simultaneously using (4) and (5), the following equation can be obtained:
Assume that each particle in the granular materials can be expressed as an equivalent sphere and k r represents the shape factor of the particles, or the proportion coe cient of particle volume and particle size. en, the particle volume in granular materials can be calculated by the equation V k r r 3 . If substituted into (6), it can be switched to the following form:
If V 0 represents the gross volume of the particles in the test sample, it can be obtained from the equation: dV V 0 dN(r). en, (7) can be expressed as follows: 
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Integrating (8), then
If (9) is a constant term and b is de ned as b 3 − D, after the logarithmic changes, the relationship between the cumulative content of all the particles whose size is smaller than r can be described as follows:
where ln(·) represents the function of log e (·), C is a constant, and b is the gradient of the tting curve between ln N(r) and ln r. e relationship between the logarithm of the cumulative content of particles with size smaller than r in granular materials and the logarithm of particle size appears to be linear. Based on the above equation, the statistical constant of grains in granular materials can be calculated by the following equation:
Equation (11) is the most general form for calculating the statistical constant in the PSD analysis of granular materials; here is a power law exponent. 
Statistical Analysis Based on the Weibull Distribution.
Frequently used mathematical representations for describing the PSD of granular materials are the Rosin-Rammler distribution function [32] and Weibull distribution function [33] [34] [35] . e particle groups of natural granular materials possibly exist with discontinuous distributions, due to complex geological formation histories, and may introduce some errors when using the mathematical distribution functions to analyze the PSD of natural granular materials. However, for the arti cially prepared granular materials (which can be seen as having the same properties as natural granular materials), due to the requirements of stability and seepage prevention, the continuity of particle groups is often better than that for the natural granular materials. erefore, the mathematical distribution functions can better describe granular materials with arti cial grading for the construction of earth-rock-lled dams.
Here, a two-parameter Weibull distribution with a size parameter r 0 and a shape parameter b is used to describe PSD of dam granular materials. According to the de nition of two-parameter Weibull distribution, size parameter and shape parameter are strongly related with the shape of the PSD curve. e size parameter represents the average size of particles in a sample of granular materials, and the shape parameter re ects the distributed wide range of particle size. By using the Weibull distribution, the Weibull parameters have an advantage of directly re ecting statistical characteristics of PSD of granular materials than the uniformity coefficient and curvature coefficient. e formula of the Weibull distribution is shown as follows:
where M(<r) is the cumulative content of all particles whose size is smaller than r and M is the total volume of all particles. By applying the Taylor progression for (12), a concise equation can be obtained as follows:
en, by adopting a differential operation for (13), a simple power equation can be expressed as follows:
e volume of the whole particles in granular materials can be calculated by V � k r r 3 , and ρ is a constant defined as the particle density. en, the mass of the whole grains can be given by M � ρk r r 3 . Assuming each particle in the granular materials can be represented as an equivalent sphere and applying M � ρk r r 3 to (7), the following equation can be obtained:
If M 0 represents the gross mass of the granular materials, it can be obtained from this equation
en, (15) can be expressed as follows:
Integrating (16) ,
Equation (17) has the same form as (9) , so the same treatment method for (17) can be used to determine the statistical constant of the PSD for granular materials with the Weibull distribution. Although there are some differences in the statistical constant results between using grading analyses or the Weibull distribution, the difference is very small if the continuity of gradation in the granular materials is high. e difference in the statistical constant between the grading analysis and the Weibull distribution can reflect some properties of the PSD, especially in the continuity of gradation for granular materials.
Relationship between PSD and Statistical Constant.
e physical properties of granular materials have a significantly positive correlation with the statistical constant (Figures 3-5) , which further means that the statistical constant is qualified to become an evaluation indicator of the soil character. Based on the Weibull distribution and the gradation analysis, respectively, we calculate the statistical constant.
en, after comparing the results, the difference value verifies the general applicability of the Weibull distribution to the grain composition of granular materials. e diversity of lithologic compositions, physical properties, and grain size distributions results in statistical constant differences [7, 9, 16] . Table 2 summarizes the computational results for the statistical constant of different tested granular materials (all of the field test samples). As shown in Figures 3(c) , 4(c), and 5(c), for all three types of granular materials, there is a good correlation for the statistical constant calculated based on the Weibull distribution and/or grading analysis, and the error is within the range from −3% to 3%. Although grain composition with artificial design violates the basic rule of particle aggregation in natural conditions to a certain degree, the calculation results indicate that the Weibull function has applicability in describing the PSD. e general validity of reflecting the PSD characteristics becomes the foundation for further exploring the question of whether PSD has a definite mathematical link with the physical and mechanical properties of dam granular materials.
Although the error of the statistical constant determined by the grading analysis and the Weibull distribution is small, there is an erratic fluctuation phenomenon in these two different methods (Figures 6(a) and 6(b) ).
e erratic fluctuation in statistical constants of dam granular material C is the largest and that of dam granular material A is the smallest. For example, the minimum statistical constant of granular material C is even lower than that of granular material A, although the average value of statistical constant for granular material C is larger than that of granular material A. For dam granular materials A and C, the fluctuation degree of the statistical constant from the grading analysis is higher than that from the Weibull distribution. However, the fluctuation degree of the statistical constant for dam granular material B from the grading analysis is lower than that from the Weibull distribution. If making an analysis according to the amplitude of fluctuations, the particle size range of granular materials influences the fluctuation degree of the statistical constant, as is proven to be true by the standard deviations of all the granular material samples of each type.
erefore, understanding how the behavior of PSD curves leads to the variation of the statistical Advances in Materials Science and Engineeringconstant has vital importance for analyzing the physical characteristics of granular materials. According to the design requirements for dam granular materials, the curves of PSD have been limited by the envelope lines (including the upper and lower envelope lines for di erent dam granular materials) for satisfying the requisite seepage and stability conditions (Figures 6(c)-6(e) ). As shown in Figure 6 and Table 1 , the samples of granular materials used in eld tests are considered to be soils with continuous uniform grading and both have adequate compaction results for further construction. When the grain composition varies within the limited range restricted by the envelope lines, the statistical constant also varies within a certain range. For granular material A, the statistical constant is increasing where the particle size distribution curve is closer to the upper envelope line and decreasing where the distribution curve is closer to the lower envelope line (Figure 6(c) ). e analysis results indicate that the rising content of the particle group with size less than 5 mm and the dropping content of the particle group with size more than 5 mm result in the increase of the statistical constant. For granular material B, the PSD is found to have a similar developing principle and distribution regularity compared to granular material A (Figure 6(d) ). During the preparation and production of granular materials with a relatively small particle size range, the content of the ne particle group is a vital matter owing to the fact that an inappropriate setting can cause the statistical constant to be far away from the average level. For granular material C, the PSD with higher statistical constant has a characteristic where its bottom part is closer to the upper envelope line and its top part is nearer to the lower envelop line (Figure 6(e) ). Granular material C is supposed to have a wide range of particle size. e descent of the intermediate particle group whose size is between 5 mm and 40 mm can lead to the growth of statistical constant because the PSD has a good correlation with the statistical constant. erefore, if the analysis is combined with Figure 2 and Table 2 , it can be concluded that the particle size range and the uniformity of the grading distribution affect the physical properties and can further be represented by the statistical constant. When studying PSD of granular materials, the practice normally derives characteristic coefficients to describe grain composition.
e uniformity coefficient C U reflects the uniformity of the grading distribution in granular materials.
e curvature coefficient C C describes the entire morphology about the gradation accumulation curve of grain composition. However, the statistical constant D can be used to predict the characteristic value of distribution curves as a comprehensive indicator reflecting the structure of soil samples. According to the different sections in the particle size distribution curve, the varied gradient b of the curve can be obtained as follows (here three typical characteristic values are used):
Assuming the PSD curve after the logarithmic operation is a linear function, which means that b 1 � b 2 � b 3 � b, then the following equations can be obtained:
On the basis of the definition of the grading index, the relationships between statistical constant and uniformity coefficient and curvature coefficient can be determined as follows:
However, if we observe Figures 3-5 , it will be found that the curve ln N(r) � b ln r + C incompletely coincides with the grading distribution curve. e curve C C � C . Although deviation exists in the two curves, it states that the method based on the statistical constant is feasible. Compared to the linear interpolation method, it is much more convenient and has a more stable range of calculated results. e characteristic coefficients are made from the analysis of the part distribution character. e definition of the characteristic coefficients on the basis of several characteristic particle sizes of a certain distribution curve is unable to present the integral distribution of grain composition. Because of its lack of integrality and adaptability, the accuracy of the definition is an issue in itself that needs to be investigated. However, the statistical constant is considered to be an indicator with integrality. inking of it in reverse, the statistical constant can be used as an engineering indicator to evaluate whether artificial aggregate is in good condition.
When comparing the results calculated from two different methods, the uniformity coefficient results are in basic agreement (Figure 7(a) ).
e assumption of the method based on the statistical constant is that the granular material is supposed to have a good degree of uniformity for grading distribution, which is the following condition:
It leads to keeping the curvature coefficient values between 1 and 3 ( Figures 7(d) and 7(f) ). e value of the uniformity coefficient is obtained from the ratio of two special particle sizes (d 60 and d 10 ). e linear interpolation calculation method is, supposedly, commonly used with negligible error. As shown in Figures 3(a) , 4(a), and 5(a), the uniformity of the particle group distribution of granular material C is better than granular materials A and B, which can be stated as the deviation of the calculated characteristic coefficient values for granular material C is lower than that for granular materials A and B.
erefore, for granular material C, the calculated value based on the statistical constant is more accurate. As shown in Figure 7 (a), the uniformity coefficient based on the statistical constant is universally lower than the linear interpolation method for granular material C, and there are contrary results for granular materials A and B. When d 10 is smaller than 1 mm and d 60 is higher than 20 mm, just a little deviation may result in the calculated uniformity coefficient values getting much larger (Figures 7(a) and 7(e) ). e calculation results indicate that the computational method based on the statistical constant can better control the results' range.
Physical and Compaction Properties behind the PSD
e compaction degree is a major construction control index for detecting the quality of core rock-fill dam. During the construction process, the factors affecting the compaction properties are complex and numerous, including grain composition, aggregate shape, moisture content, rolling technology, and compaction power. However, it is difficult to analyze each factor and understand its mechanism. If preparing the granular materials according to the traditional norms and requirements, the actual compaction degree will 
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have di culty in reaching the engineering standard. Studying the compaction properties only by particle size is short of preciseness and accuracy. However, based on the Weibull distribution, the size and shape parameters are bene cial for understanding how to impact the compaction process in practice. is work focuses on the potential mathematical relation between the Weibull parameters and compacting properties, which can testify as to whether the Weibull distribution has the ability to be taken as a supplement to construction speci cations for evaluating and selecting dam granular materials.
e Relationship between the Statistical Constant and
Physical Properties. Granular materials in a relatively loose state have more pores than relatively tight states making it possible to hold more water. Exploring the relationship between the statistical parameters and physical properties can validate the e ectiveness of the statistical constant in describing the spatial structure of granular materials. As shown in Figure 8 (c) and Table 3 , the statistical constant has a positive correlation with dry density and a negative correlation with moisture content. e calculated result is in accord with the recent research for the link between the statistical parameters, water, and physical properties [36] [37] [38] . As a result, the good correlation between the statistical constant and physical properties indicates that the statistical constant can quanti ably integrate the structure of dam granular materials. However, the correlation between the statistical parameters and physical properties has obvious limitations. For certain granular materials, the variation of the statistical constant has no possible e ect on physical properties. As shown in Figures 8(a) and 8(b) , moisture content and dry density have no obvious change associated with the statistical constant and stay within a reasonable range. However, the correlation can be established among di erent kinds of granular materials. ese characteristics illustrate that the point is aimed speci cally at the sorting of granular materials whose statistical constant is a character parameter for the spatial feature. In other words, the statistical constant is only suitable for representing the integral level of physical and compaction properties or PSD.
erefore, we cannot choose the statistical constant as the character parameter for evaluating the compaction properties of granular materials owing to the lack of the validity speci c to the same sort. However, every single dam granular sample has a speci c set of Weibull parameters to match. Meanwhile, this set of Weibull parameters has the ability to show di erent performances compared to not only the granular material samples of a sort but those belonging to other sorts (Table 4) . Based on the statistical analyses, the paper has proven that the Weibull distribution is generally applicable for describing granular materials. As abovementioned, some latent correlation must exist between the variation of the Weibull parameters and the alteration of granular materials behavior and it can be explored.
e Relationship between the Weibull Parameters and Compaction Properties.
e spatial distribution after rolling compaction of granular materials with a wide particle size range depends on a number of factors besides the size ) represent the minimum and the maximum uniformity coe cients of the PSD curve by using the linear interpolation method, resp.; min(SAM) and max(SAM) represent the minimum and the maximum uniformity coe cients of the PSD curve by using the statistical analysis method, resp.; average(LIM) and average(SAM) represent the average values for the uniformity coe cients of the PSD curve by using the linear interpolation method and statistical analysis method, resp.). di erence of the particle [14] . erefore, adopting a single character parameter as a reference standard for evaluating the compaction degree is to be rejected owing to the lack of scienti c rigor. is paper tries to apply the contour map to describe the variation rule of granular materials compaction degree using two Weibull parameters (the size and shape parameters). As shown in Figure 9 , the contours are distributed in an extremely scattered way and make great di culty in concluding the dominant mathematical laws. However, when comparing the contour maps of three granular materials, the distribution is more messy and irregular when the particle size range is wider. Despite the in uence of the particle itself, granular material samples with a wide range of particle sizes are much more susceptible to the e ects of other factors in the process of rolling compaction. Above all, it is because the impacting factors are complex and di cult to control during the actual operation process that the approach based on quantitative experiment is unable to explore the explicit mathematical relationship between the Weibull parameters and relative density. In general, various data indicators that can explain the di culty in analyzing variables are provided with di erent data characteristics and di erent units. Data normalization is known to eliminate the impact of variable measurements, and it is a great assistance for discovering the recessive relationship between variables. When evaluating the structure status of granular material samples under the assumption that the particle is considered a sphere, the average level of particle size, scaling of particle groups' content, and the mutual arrangement of the particles are primary factors, and it is necessary to consider their inuence. In this paper, these three evaluative dimensions of granular material structure are measured by the size parameter, the shape parameter, and the compaction degree, respectively. When a granular material system is compacted to a critical state and can no longer be tighter, it can be assumed that the impact of the three evaluative dimensions will remain in balance. en, it can be supposed that the balance status is expressed by the following mathematical equation (granular materials A and B use (22) and granular material C uses (23)):
erefore, the data normalization referring to the ternary phase diagram can be processed by the following equations: Table 3 , the dry density of granular materials increases with the increasing content of coarse particles, where the granular material C is the maximum. e moisture content of granular materials is influenced by the particle size range and distribution (moisture content is an indirect reflection of the porosity of granular materials), and therefore, there is a vague relationship between the moisture content and the particle size distribution of granular materials. Here, the moisture content of granular materials decreases with the expanding range of particle size distribution, and it is also influenced by the continuity of particle gradation (various size of particles are rationally distributed).
erefore, the statistical results indicate that the relative density of granular material C is the largest and shows the best compaction performance.
e compaction performance of granular material A is close to granular material B, due to the small difference in the particle size distribution.
e regularity in granular material structure after data normalization ( Figure 10 ) can be described as that the impact of compaction degree will decline, whereas the impact of the size parameter increases. At the same time, the impact of the compaction degree will add up when the impact of the shape parameter increases. e analysis indicates that it is much more difficult to have a tight rolling compaction when the average particle size shows a growth trend for a certain type of dam granular materials. In a similar way, the dam granular materials of a sort will be easier to compact at the point where the shape parameter is in an increasing trend. As shown in Figures 10(d) and 10(e) , the above regularity also exists when comparing the average level of different types of granular materials. Figure 10(d) shows that the average level of granular material C, having a much wider range of particle sizes, is much larger than that of granular materials A and B. Figure 10 (e) shows that Size parameter ( Advances in Materials Science and Engineeringgranular material C has a larger shape parameter separation between granular materials A and B. ere is a closer contact between large and small particles when in a wider range of particle sizes. It further illustrates that the particle size range of granular materials can dramatically improve the compaction e ect for arti cial materials with a good grading.
ere are su cient result foundations explaining that the size parameter has a positive correlation with the compaction degree and the shape parameter has a negative correlation with the compaction degree.
Discussion and Conclusions
e statistical analysis ensures the validity of the theoretical basis in quantifying the physical and compaction characteristics of granular materials on di erent spatial scales [36] . In regard to this possibility, this paper discusses the use of the Weibull distribution function for describing the PSD of granular materials with arti cial grading. It is well known that a two-parameter Weibull distribution function is capable of characterizing the PSD of soil mixtures [34] . However, the soil samples the paper uses are from the dam granular materials with arti cial grading. To ensure the precision and scienti c foundation, it is found that there is little error between the two di erent calculation methods of statistical constant (from analysis and based on the Weibull distribution), which states that the use of the Weibull distribution function is feasible here. A two-parameter Weibull distribution function has size parameter r 0 and shape parameter b. e size parameter is generally considered to be the average value of particle size. Meanwhile, from (19) , there is a de nite mathematical equation between the slope of any point on the PSD curves and the ratio of the cumulative contents of the particles' size less than two speci c Figure 10 : Relationship between the Weibull parameters and the compaction degree of granular materials after normalization: (a) granular material A; (b) granular material B; (c) granular material C; (d) correlation between the size parameter and the compaction degree of di erent granular materials; (e) correlation between the shape parameter and the compaction degree of di erent granular materials (size parameter * represents the value of the size parameter after normalization; shape parameter * represents the value of the shape parameter after normalization; compaction degree * represents the value of the compaction degree after normalization).
values. e shape parameter is characterizing the shape of the Weibull function curve. When using the Weibull function to fit the PSD curve, it is obvious that the shape parameter is connected with the particle size range, or more precisely, the scaling distribution of the particle group, and the larger the size range is, the less the shape parameter will be. However, this study is based on the assumption that all particles act as ideal spheres, though the relationship between particle shape and the critical state has been discussed [6] . erefore, further study needs to take these factors into consideration, including the relationship between the shape parameter and the grading scaling distribution as well as the impact of particle shape on compaction. is paper explores the physical and compaction properties of granular materials with four parameters (relative density D r , statistical constant D, and Weibull parameters (size parameter r 0 and shape parameter b)). ese parameters (D r , r 0 , and b) provide a uniform data standard for comparing measured values between granular material samples of different types. However, the statistical constant is not qualified to do this because the erratic fluctuation of statistical results appears as a stagger phenomenon on statistical constant ranges of different types.
e stagger scope is connected with the particle size range, which leads to invalid comparisons of the statistical constants from different types of granular materials samples. e statistical constant can only reflect the integral level of certain granular materials, and it has the ability to show the type discrepancies (Figure 8(c) ). erefore, the paper uses these three parameters D r , r 0 and b to get a comprehensive analysis of the structural status of three types of granular materials with the assistance of the statistical constant.
ere is a direct and close link between PSD curve and statistical constant. e statistical constant can represent the variation of PSD curves, and the characteristic coefficients (C U and C C ) of the PSD curve can be calculated by the statistical constant under postulated conditions. It can be said that the statistical constants are likely to be an indicative parameter for verifying the quality of artificial grading. e regularity of the Weibull parameters and compaction degree in different granular material samples of the same type and the regularity in different types are consistent, making a contribution to providing significant guidance on how to improve compaction during actual construction. However, the mechanism by which Weibull parameters influence compaction process needs to be further explored.
e final results are shown with some fluctuations. First, the granular material samples the paper uses are fill materials in construction and all are considered to have good grading; the analysis results of the compaction properties have limitations. e lack of a comparison between good and bad grading distribution calls for future research setting up a series of control groups. Second, measurement error, especially the significance figure caused in calculation, is existed in dry density and compactness of granular materials, and the measurement is achieved by engineering personnel, which causes that the paper cannot reach an accurate expression of how Weibull parameters influence compaction properties. erefore, the future research needs to make a better measurement of compaction degree (1) considering the use of a method of entropy approach for adding another evaluating indicator of the PSD curve and (2) viewing the particle of granular materials as a rectangular parallelepiped shape or a dodecahedron of which four surfaces are octagon and eight surface are triangle and making formula derivations for obtaining statistical constants under different assuming conditions.
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